The question of whether a retroviral vector is expressed have been demonstrated to be similar. The correlation of in vivo after infection of hematopoietic stem cells remains switch off events in both systems allows for evaluation of unpredictable. In this study, we show that a switch off of retroviral expression in vitro provided the silencing is retroviral sequences can be tested in vitro using the longcaused by viral sequences. This approach could be useful term bone marrow culture system. The time kinetics of the for testing vectors for gene therapeutical applications of the down-regulation of retroviral expression in vitro and in vivo hematopoietic system.
Introduction
(ganciclovir/GCV sensitivity of transduced cells without Hematopoietic stem cells (HSC) are a promising target effect on nontransduced cells) 15 selection. This system has for gene therapy of various diseases such as monogenetic been shown to be active in vitro and in vivo. 14, 16 disorders, cancer and AIDS. Meanwhile, HSC can be rouIn the present study we provide evidence for: (1) suctinely obtained and retrovirally infected. However, a percessful long-term integration of the HyTK fusion gene sisting problem remains the unpredictability of the sequence in HSC by retroviral gene transfer; and (2) a expression of introduced sequences in HSC and their procorrelation between switch off of gene expression in vivo geny. Successful gene transfer in HSC has been reported and in vitro in cells cultured on long-term bone marrow using Moloney murine leukemia virus (MoMLV) relying culture (LTBMC). Together, our results show that the on the viral LTR or additional internal promotors for regulation of retroviral gene expression can be tested expression of the inserted sequences. In mouse models, for in vitro using the LTBMC system. the human adenosine deaminase (ADA) and glucocerebrosidase (GC) sequences have been introduced into HSC
Results
by the use of simplified vectors, reaching at least endogenous levels of ADA or GC in long-term reconstiMouse BM cells were infected with the ⌿2tgLS(+)HyTK tuted mice. [1] [2] [3] [4] [5] As soon as a selectable marker (eg neovirus. The transfer efficiency assessed in the mix-colony mycin resistance gene, neo R ) is included in the vector, a forming cells (CFC) assay by positive (Hy R ) or negative marked decrease of gene expression has been observed. 1, 4 selection (GCV S ) was close to 100% (see below) in four Additionally, many of these vectors are clearly transcripindependent experiments. The concentrations of Hy used tionally active after their introduction into mature hema-(1 mg/ml) depleted 96 ± 3.1% of nontransduced CFC, topoietic cells in vitro. However, the same vectors may and that of GCV (5 g/ml) did not influence the growth not function in mature hematopoietic cells in vivo when of nontransduced CFC. Infected BM cells were transderived from infected stem cells. [6] [7] [8] In contrast, the transplanted into lethally irradiated syngeneic mice. Longfer efficiency of ADA or GC sequences in human HSC term reconstituted primary recipients were analyzed for did not reach the typical high level obtained in mouse the presence of the provirus sequence and 23 of 23 ani-HSC. Nevertheless, the expression levels of genes could mals were postive for all time-points up to 12 months. at least partly correct the enzyme deficiency in vitro. [9] [10] [11] [12] [13] One primary recipient, 4 months after BMT, served as So far, no system is available to test a switch off of the BM donor for 10 secondary recipients. Similarly, all retroviral gene expression in vivo. Nevertheless, it is secondary long-term reconstituted animals were positive greatly desirable for gene therapeutical applications to for the provirus sequence for up to 8 months. In Figure 1 16 the HyTK gene seemed to be rapidly switched off in hematopoietic cells of the reconstituted mice. In order to test whether the lack of expression was reversible in vitro we harvested BM cells from long-term reconstituted primary and secondary recipients and tested for Hy resistance and GCV sensitivity in the mix-CFC assay infected BM cells underlining the fact that HyTK is not 
Bone marrow cells from long-term primary and secondary recipients 12 and 8 months after transplant, respectively, and spleen cells from short-term (CFU-S day 7 and CFU-S day 12) reconstituted mice were harvested and examined in the mix-CFC assay for colony forming cells in absence (control, ) and presence of hygromycin (1 mg/ml, {) or ganciclovir (5 g/ml, ). For each recipient between 200 and 300 colonies were scored. To generate secondary recipients, BM of one primary recipient was harvested 4 months after transplant and injected into 10 lethally irradiated recipients. Each column represents summarized mean ± s.d. of triplicates from three animals of primary recipients, two animals of secondary recipients, five animals for each CFU-S day 7 and day 12, three experiments for HyTK−, five experiments for HyTK+. HyTK−, uninfected BM cells; 1°/2°recipients, primary/seconary recipients; HyTK+, infected BM prior to transplantation; CFU-S day 7/day 12, colony forming units-spleen harvested at day 7 or day 12, respectively.
expressed after long-term reconstitution either in vivo or in vitro. Furthermore, our results show that the expression of the HyTK gene, once down-regulated, is not reactivated in vitro. The failure to detect HyTK expression is not related to low numbers of gene marked BM cells after reconstitution for the following reasons: (1) almost all colonies derived from newly infected BM cells were Hy resistant and GCV sensitive confirming high infection frequency and HyTK gene expression in BM cells immediately after infection (Figure 3 ; HyTK+); (2) integration of the provirus was easily detected by Southern blot analysis of BM from three primary and two secondary recipients 12 and 8 months, respectively, after reconstitution indicating long-term reconstitution with transduced cells (data not shown); simultaneously, all expression in colony forming units-spleen (CFU-S) of reconstituted mice. At day 7 23.3 ± 16.1% of spleen CFC harvested displayed a Hy resistance, while in CFU-S day 12 it had further decreased to 5.1 ± 4.5% (Figure 3 ; CFUWhile the expression of the HyTK gene was approximately 100% after the transduction of prestimulated BM S day 7 and day 12, respectively).
Next, we investigated the time-dependent expression cells as shown by 100% Hy R /GCV S of CFC, the Hy resistance fell to 13 ± 3.6% after 2 weeks of culture. This numof the HyTK gene in vitro under LTBMC conditions. HyTK-infected BM cells grown on pre-established stroma ber persisted until the LTBMC was terminally examined after 5 weeks. In comparison, several tumor cells have layers showed a rapid decline of Hy resistance/GCV sensitivity (Figure 4) , although the growth dynamics were shown long-term expression of the HyTK gene after transduction, both in vitro and in vivo. 16 similar to that of noninfected cells (data not shown). 21, 22 has led to a substantial tive controls) showed the genomic integration but no expression ( Figure 5 ). One colony apparently derived increase of long-term ADA expression. 5 Furthermore, silencing of viral control elements in murine cells was from a noninfected cell. These LTBMC results show a switch off of HyTK gene expression occurring very rapreported to be associated with de novo methylation. 17 Because we found strongly decreasing gene expression idly in vitro.
in primary CFU-S, the loss of expression likely reflects suppression of LTR activity in HSC. Additionally, a stem Discussion cell repressor has been defined which acts on the MoMLV repressor binding site (RBS) as early as 2 days after infecWe have shown that down-regulation of expression of a tion and methylation was shown to function indepenretroviral gene in hematopoietic progenitor cells in vivo dently as a secondary event of repression occurring 2-3 correlates with rapid down-regulation of the viral gene weeks after retroviral infection. [23] [24] [25] in LTCIC. The time kinetics for the switch off in both Apperly et al 1 demonstrated a long-term expression of systems are very similar shown by the significantly huADA in mice using a simplified MoMLV-derived vecdecreased expression in CFU-S 7 and, even more protor but marked decrease of expression when the neo gene nounced, 12 days after transplantation and the rapid was introduced into this vector. Similar experiences were switch off in LTCIC. The loss of HyTK expression in vivo reported by others. 4, 5, 26, 27 The neo resistance gene was is not due to the low number of transduced cells since shown to exert a cis-acting negative effect on transcripthe provirus was detected in primary and secondary tional activity on eukaryotic promotors. 28 In human bone recipients' tissues by PCR and Southern blot analysis and marrow or peripheral blood cells, however, the silencing in BM-derived colonies from long-term reconstituted aniby the neomycin gene was not observed. 29, 30 The vector mals. Therefore, the LTBMC may serve as a test system we used contained the HyTK gene as a double selection for retroviral gene expression in HSC.
marker whose expression in infected cells is regulated by Even though transfer efficiencies into murine HSC the MoMLV LTR. A continued expression of this gene using retroviral vectors can reach high levels by the use was shown in several mouse tumor cell lines and in of hematopoietic growth factors, viral gene expression in human T lymphocytes both in vitro and in vivo. 14, 16, 31 In BM reconstituted mice is highly variable and unpredictmurine HSC, however, the HyTK gene displays attributes able. Both long-term in vivo expression [1] [2] [3] 5 as well as lack of a typical silencer. of expression, despite persistence of unrearranged proviIn the mouse model, LTCIC have been shown to repruses in murine HSC using similar MoMLV-based vecresent HSC with long-term repopulating ability. protein were shown to be responsible for rejection of adoptively transferred autologous gene modified T cells, practice. 37 MC cultures were incubated either without (control) or with Hy (1 mg/ml or GCV (5 g/ml). The thus revealing another problem in gene therapy. 31 In our study the same vector construct has been used. However, percentage of infected CFC was calculated by setting control values as 100% which varied between 100 and 300 the population of cells transduced with this vector is quite different: differentiated versus pluripotent stem CFC/10 5 cells. To test the resistance to Hy or the susceptibility to GCV of bone marrow-derived CFC from longcells.
Taken together, our in vivo and in vitro data show that term reconstituted mice, BM cells were harvested and analyzed in the mix-CFC assay with or without Hy or a MoMLV-derived HyTK fusion gene containing vector is expressed in differentiated hematopoietic cells but GCV as above. Activity of the HyTK fusion gene in CFU-S was assessed by preparing a single cell suspension of switched off in HSC and their progeny. Importantly, the gene is also rapidly switched off in LTCIC. Because simiwhole spleens of respective animals and subjecting the cells to the mix-CFC assay. lar vectors expressing different genes from identical LTR promotors have been successfully used for long-term expression in murine HSC we conclude that the respectLong-term bone marrow culture BM stroma cell layers from female C56B1/6 mice were ive viral gene can be responsible for its expression or non-expression in HSC. Therefore, we suggest that the established as described. 36 BM cell equivalents of one femur or two tibiae were suspended and cultured in LTBMC system can be used to predict whether retroviral gene expression is switched off in BM reconstituted hosts, 10 ml IMDM in T-25 flasks supplemented with 1% amino acids (Gibco), 5 × 10 −5 m ␤-mercaptoethanol, 2 mm glutaeven though we cannot exclude the possibility that despite persistent gene expression in LTCIC the gene mine, 1% penicillin/streptomycin, 5 × 10 −7 m hydrocortisone sodium succinate (Sigma, Heidelberg, Germany) expression in vivo is eliminated for other reasons as shown by Riddell et al. 31 and maintained in 5% CO 2 in air at 33°C. After reaching confluence, stroma layers were irradiated (16 Gy) and overlayed with 10 simultaneously. Gibco, Eggenstein, Germany) supplemented with 10% preselected FCS (Sera-Lab/Biozol, Eching, Germany), PCR analysis for the presence and expression of 2 mm glutamine, 1% penicillin/streptomycin (100×, provirus in peripheral blood (PB) cells Gibco), 100 ng/ml recombinant mouse stem cell factor, In monthly intervals beginning 4 weeks after reconsti-50 ng/ml recombinant mouse IL-6 and 100 U/ml recomtution 50 l PB of each recipient were collected by retrobinant mouse IL-3 (all cytokines: Laboserv, Giessen, orbital puncture. DNA and RNA were prepared simulGermany). Preculture was followed by 48 h coculture of taneously using the InViTek Sorb Twin Prep DNA/RNA BM cells on irradiated (30 Gy) ⌿2tgLS(+)HyTK cells supKit (InViTek, Berlin, Germany) according to the manufacplemented with 6 g/ml polybrene under conditions as turer's recommendations. RNA was routinely digested described. ⌿2tgLS(+)HyTK produced a viral titer of with 20 U DNase I (Boehringer Mannheim) in the pres-10 6 c.f.u/ml. 16 Nonadherent and adherent cells were comence of 20 U RNase inhibitor (Boehringer Mannheim) for bined, resuspended in PBS and 1-2 × 10 6 BM cells for 45 min at 37°C followed by isopropanol precipitation, long-term reconsititution and 5 × 10 4 cells for generation washing in 70% ethanol, and redissolving in DEPC water. of CFU-S were transplanted i.v. into lethally irradiated Reverse transcription (RT) using 50-100 ng RNA was per-(9.5 Gy) C57B1/6 mice. For transplantation into secondformed in 20 l containing 1× reaction buffer, 10 mm ary recipients, BM from one primary recipient was har-DTT, 0.1 mm of each dNTP, 20 U RNase inhibitor, 600 ng vested and 2 × 10 6 BM cells were injected into each of 10 random primers (Gibco) and 200 U Superscript II (Gibco) lethally irradiated syngeneic recipients.
for 10 min at room temperature, 60 min at 37°C, and 10 min at 72°C. Routinely, ␤-actin primers were used to adjust to comparable concentrations of DNA and cDNA In vitro hygromycin/ganciclovir sensitivity of CFC In order to test the gene transfer efficiency after coculture, for 30 PCR cycles amplifying a 330 bp fragment. Using CombiPol PolymeraseMix (InViTek) 2 l of RT-RNA (5-BM cells were analyzed in the mix-CFC assay which scores multipotent myeloid cells. Briefly, 1 ml consisting 10 ng) and DNA (approximately 1 g) preparations were PCR amplified. This method is sensitive enough to detect of 0.5 ml 2.7% methylcellulose (MC; Dow Chemicals, London, UK), 20% FCS, 10% BSA (Gibco), 10% WEHIcDNA isolated from 75-100 cells. To detect proviral DNA and HyTK-RNA, the 5′-primer (5′CCg gAg CCg ggA CTg 3B conditioned medium and 2 units recombinant murine erythropoietin (Boehringer Mannheim, Mannheim, TCg gg-3′) was located in the Hy-, the 3′-primer (5′-gCC AgT AAg TCA TCg gCT Cg-3′) in the TK region, amplifyGermany) were mixed with the appropriate number of cells (usually 5 × 10 4 cells/ml), plated in triplicate and ing a 298 bp fragment for 40 PCR cycles. As positive control 50 ng of ⌿2tgLS(+)HyTK DNA or 10 ng cDNA were maintained at 37°C in an atmosphere of 5% CO 2 and 5% O 2 . Colonies were scored on day 7 according to standard used and as negative control ⌿2 DNA.
